ABSTRACT The chicken Major Histocompatibility Complex (MHC) is very strongly associated with disease resistance and thus is a very important region of the chicken genome. Historically, MHC (B locus) has been identified by the use of serology with haplotype specific alloantisera. These antisera can be difficult to produce and frequently cross-react with multiple haplotypes and hence their application is generally limited to inbred and MHC-defined lines. As a consequence, very little information about MHC variability in heritage chicken breeds is available. DNA-based methods are now available for examining MHC variability in these previously uncharacterized populations. A high density SNP panel consisting of 101 SNP that span a 230,000 bp region of the chicken MHC was used to examine MHC variability in 17 heritage populations of chickens from five universities from Canada and the United States. The breeds included 6 heritage broiler lines, 3 Barred Plymouth Rock, 2 New Hampshire and one each of Rhode Island Red, Light Sussex, White Leghorn, Dark Brown Leghorn, and 2 synthetic lines. These heritage breeds contained from one to 11 haplotypes per line. A total of 52 unique MHC haplotypes were found with only 10 of them identical to serologically defined haplotypes. Furthermore, nine MHC recombinants with their respective parental haplotypes were identified. This survey confirms the value of these non-commercially utilized lines in maintaining genetic diversity. The identification of multiple MHC haplotypes and novel MHC recombinants indicates that diversity is being generated and maintained within these heritage populations.
INTRODUCTION
The chicken Major Histocompatibility Complex (MHC) is a cluster of immune response genes found on chromosome 16. The chicken MHC was initially defined as the B blood group system and identified by the use of specific alloantisera. It is very strongly associated with disease resistance to numerous pathogens including bacterial (Lamont et al., 1987; Cotter et al., 1998) , viral (Hansen et al., 1967; Briles et al., 1977; Collins et al., 1979; Bacon et al., 1981; Yoo and Sheldon, 1992; Taylor, 2004) and parasitic infection (Lillehoj et al., 1988; Schou et al., 2007; Owens et al., 2008; Worley et al., 2010) . Multiple laboratories developed inbred and congenic lines with defined B haplotypes specifically to understand disease resistance (Abplanalp et al., 1992; Taylor et al., 1992; Bacon et al., 2000) . Comparative studies using allo-antisera reagents and blood samples were a common practice to examine variability across multiple breeds and lines from different countries. Collectively, these analyses defined a core set of 27 common MHC alleles (Briles and Briles, 1982) . However, alloantisera are frequently cross-reactive across different haplotypes, thus confounding the identification of common haplotypes from multiple sources (Briles and Briles, 1982; Fulton et al., 1996) . The majority of the early work on B blood type was performed using the White Leghorn breed. Identification of blood type alleles within this breed were more consistent than for other breeds, including those used for commercial brown-shell egg production and for meat production (broiler), with less alloantisera reagent cross-reactivity. This was probably due to a more a limited number of haplotypes within this single breed.
Multiple DNA-based techniques including restriction fragment length polymorphism, and single stranded comformation polymorphism have been used to examine variation within specific MHC regions or genes and subsequently define haplotypes within broiler and other non-Leghorn lines (Zheng et al., 1999; Livant et al., 2001; Goto el al., 2002; Iglesisas et al., 2003) . However, the high cost and labor intensive requirements of these methods precluded their use for screening large numbers of individuals and lines. The atypical tandem repeat sequence identified as LEI0258 occurs within the chicken MHC (McConnell et al., 1999) . Analysis with serologically defined individuals and lines has shown that this marker can be used to identify MHC haplotypes (Lima-Rosa et al., 2005; Fulton et al., 2006) . Variation is due to two tandem repeats of 13 and 12 bp, plus several SNP and small indels within the flanking region (Fulton et al., 2006) . LEI0258 is highly variable, with over 35 alleles initially reported in serologically defined haplotypes. More extensive population sampling, including lines of chickens from multiple continents and indigenous breeds, identified additional novel alleles (Chazara et al., 2013) . Numerous studies, which utilized LEI0258, have found high levels of MHC diversity world-wide in non-serologically defined random bred indigenous chickens from various locations (Hoque et al., 2011; Izadi et al., 2011; Han et al., 2013; Nikbakht et al., 2013) . Disease associations with LEI0258 alleles and helminth or bacterial infections have been reported for indigenous varieties of chickens, confirming the significant effect of the MHC on pathogen resistance in non-laboratory selected lines (Schou et al., 2007; Schou et al., 2010; Worley et al., 2010) . The use of this single marker is known to underestimate MHC variation and cannot detect the existence of MHC recombinants. Furthermore, it has a mutation rate of 0.11%, indicating that this marker is insufficient for an accurate survey of MHC variation in diverse chicken populations (Fulton et al., 2016) .
A multiple SNP panel covering a 230,000 bp region of the chicken MHC was developed by Chazara et al., (2010) and subsequently expanded and used to genotype 101 sites within the MHC region of a large number of samples from commercially relevant lines and heritage breeds (Fulton et al., 2016) . The study reported here examines MHC diversity found in 17 heritage breeds maintained at various research institutions within North America. These breeds represent broiler genetics from the 1950s, 1970s, and 1990s, one representative each of Brown Leghorn (BL), White Leghorn (WL), and Light Sussex (LS), multiple lines of the welldefined breeds of Rhode Island Red (RIR), Barred Plymouth Rock (BPR), and New Hampshire (NH), and 2 synthetic populations . The data presented here is the first survey of MHC diversity in a subset of heritage breeds within North America and reveals multiple novel haplotypes, MHC recombinants, and a large amount of MHC diversity within these breeds.
MATERIALS AND METHODS
Blood samples were obtained from multiple heritage breeds from 5 university sources within Canada and the United States. There were 54 to 100 samples tested per line, and for the heritage lines from the University of Alberta, these represented the entire population. DNA was isolated from blood collected on FTA Elute Microcards (GE Healthcare, Piscataway, NJ) from the University of Alberta (UAB) and the University of Saskatchewan (USK), or from fresh or frozen blood from the University of Georgia (UGA) and the University of Illinois (UIL). The UAR-RB population DNA was obtained from fresh blood from the UGA.
Genetic Lines
The 3 broiler lines from UAB are representative of three different sources of historic broiler genetics. UAB-AMC-1957 is a meat-type line that was initially developed in 1957 by intercrossing of common meat type birds of that era, including White Wyandotte and commercial synthetic broiler lines. It is the progenitor of the UGA-ACRB line that was also tested herein. UAB-AMC-1978S and UAB-AMC-1978D represent sire line and dam line genetics, respectively, of commercial broiler type birds that were available in 1978 (Zuidhof et al., 2014) . The UGA lines were two different heritage broiler type lines. The UGA-ACRB line (Athens Canadian Random Bred) was obtained from the same source as the UAB-AMC-1957, but has been maintained separately since 1958. The UGA-ARB is the Athens Random Bred line that was developed from 8 male and 8 female lines in 1956, and believed to be unrelated to the UGA-ACRB. The male lines used were White Plymouth Rock, White Cornish, New Hampshire, and other commercially available strains. The female lines were Rhode Island Red, Barred Plymouth Rock, White Plymouth Rock, New Hampshire, White Leghorn, and White Cornish (Hess, 1962) . The University of Arkansas broiler control line (UAR-RB) was established by intercrossing of 13 parent lines used for commercial broiler production available in 1997 (Harford et al., 2014) .
The standard breeds were obtained from 3 locations. There were 3 Barred Plymouth Rock lines. The UAB-BPR was originally from the USK and has been maintained separate from the USK-BPR population since 1991, and the UAB-SBPR was from Dr. Donald Shaver. One Rhode Island Red breed also originated from Dr. Donald Shaver (UAB-SRIR). There was one population each of 3 additional breeds; White Leghorn (UAB-WL), Light Sussex (UAB-LS), and Dark Brown Leghorn (UAB-BL) which were also tested. Two New Hampshire lines were sampled, the UAB-NH and the UIL-NH. The UIL-NH is pure New Hampshire into which commercial Hubbard "Broaster" genetics of New Hampshire background were introduced in the mid-1990s.
Two synthetic lines were tested and included the UIL-PC or "Columbian" line which was derived in the mid 1950s by crosses of New Hampshire, White Rock, Barred Rock, and White Leghorn and maintained as a closed flock since that time. The USK-EPI line is maintained with segregation of the epileptiform mutation (Crawford, 1970) and consists primarily of the Fayoumi breed into which multiple other breeds were intercrossed for genetic linkage studies 40 years ago (Crawford, personal communication) .
Genotyping
All samples were genotyped on the 101 SNP panel as described by Fulton et al. (2016) . This SNP panel covers 230,000 bp of the MHC, encompassing over 40 genes (from BG2 to CD1A1 as defined by Shiina et al., 2007; GeneBank AB268588) . In addition, the allele size of the VNTR marker LEI0258, which is located within the chicken MHC, was determined for representative samples of each identified haplotype using a Beckman CEQ8800, as described by Fulton et al., (2006) . Haplotypes were defined with a 2 step process within each line. Firstly, individuals homozygous for all SNP were used to define haplotypes. Then individuals heterozygous for multiple SNP were identified and the previously identified haplotypes were subtracted to define additional haplotypes. This process was repeated until all samples within a line could be defined by a combination of a minimum number of haplotypes.
Nomenclature
Since serological information was not available for these haplotypes, a different and more inclusive nomenclature was required. Individual haplotypes were compared across lines to establish a measure of genetic similarity. First, uncorrected fractional dissimilarities were computed pairwise among all haplotypes, including those identified in the heritage breeds and those previously defined by Fulton et al. (2016) . Second, neighbor joining (Saitou and Nei, 1987) was used to estimate the relationships among haplotypes. Although the distance matrix is unlikely to be strictly additive, especially given the potential for reticulate events such as recombination or gene duplication and loss, neighbor joining can still reconstruct a topology reflecting approximately true relationships (Mihaescu et al., 2009 ). Third, statistical support for each topological branch was derived from a majority-rule consensus of 1,000 bootstrap replicates of the original haplotype data.
Clusters of haplotypes were defined by the method of Prosperi et al. (2011) . Only SNP from MHC0J6 (30,189 bp) to MHC178 (240,933 bp) were used in the alignment program due to difficulties in obtaining accurate genotype information for those SNP within the first 30,000 bp (MHCNew03 to MHCNew19; 9,551bp-27,791bp), particularly for rare haplotypes. Haplotypes were grouped into families based on overall SNP haplotype similarity and subsequently named based on the family within which they were placed. The terminology "BSNP" is used to clearly delineate that these haplotypes are based solely on SNP information from within the MHC region. Haplotypes that were identical for the latter 90 SNP, but showed variation within the first 30,000 bp (MHCNew03 to MHCNew19) were further delineated by the letter A or B. The LEI0258 allele size is included within the name for additional molecular information as this marker has been extensively used for MHC identification. If a heritage SNP based haplotype was identical for all SNP to that seen for a serologically defined haplotype, then the serological allele was also included in the name. Note, since no serological information is available for any of these heritage breeds, these may not necessarily be identical. The recombinant haplotypes were assigned a numerical designation following Fulton et al. (2016) . Recombinants were identified as recombinant only if both of the parental haplotypes were also found in the same line. Table 1 summarizes the breeds that were represented, the lines that were used, and the number of samples that were genotyped per line. The number of haplotypes identified within each line ranged from 1 to 11, and included 9 unique recombinants. The heritage broiler lines contained the greatest MHC diversity having 5 to 11 haplotypes within a line. In contrast, the standard breeds contained only 1 to 4 MHC haplotypes per line. Within the 2 synthetic lines, the ILL-PC had 3 haplotypes and the USK-EPI had 9 haplotypes.
RESULTS
The total number of haplotypes found within the 17 heritage breeds was 86. Comparisons of these haplotypes across the multiple lines showed that some were identical, yielding a total of 52 unique haplotypes. Table 2 lists each haplotype, the breed type within which the haplotype was found, followed by the SNP information for the 101 SNP of the complete MHC panel. The IUPAC notation for DNA bases was used, with A = Adenine, C = Cytosine, G = Guanine, T = Thymine, W = A and T, S = C and G, M = A and C, K = G and T, R = A and G, and Y = C and T. If no allele was detected then "-" was used. The letter F was used to designate PCR failure.
Comparison of haplotype sequence between these haplotypes found in the heritage breeds with those identified in serologically well-defined lines held at United States research institutes (including Avian Disease and Oncology Laboratory, Iowa State University, Northern Illinois University, University of California (Davis) and University of New Hampshire, Fulton et al., 2016) and elite egg-layer lines showed 10 haplotypes in common. Thus the heritage breeds contained 42 novel MHC haplotypes. The 10 haplotypes in common are serologically identified as B2, B13, B15, B19, B22, B24, B26, B73, B77, and BQ. There were 2 heritage haplotypes (both found in the EPI line) that differed from a serological standard haplotype by only one SNP. BSNP-D05(205) is identical to BSNP-D04(205; B13) except for SNP101 and BSNP-J03(552) is identical to BSNP-J04(539,552; B19,B19.1) except for SNP167. In order to eliminate the possibility of genotyping error, these SNP were regenotyped (and alleles were confirmed) for these haplotypes.
Twelve of the haplotypes were found in more than one heritage line. Table 3 summarizes these common haplotypes and in which line they were found. The USK-BPR and UAB-BPR populations are related and were separated 25 years ago. Two haplotypes were in the USK-BPR population and both of these were still present in the UAB-BPR. The two lines, UAB-AMC-1957 and UGA-ACRB were from the same source and have been genetically separated for 48 years. Two haplotypes (BSNP-B01(249; B73) and ) are common between the sublines, but each line also has haplotypes not seen in the other line.
The haplotype information for the 9 recombinants is given in Table 4 . The specific line source is indicated as well as the parental haplotypes from which the recombinant was presumably produced. The region of recombination is indicated. In many cases, multiple SNP were identical between both parents and the recombinant, thus the actual recombination event occurred somewhere within the range indicated. Four of the 9 recombinants occurred between the same region of the MHC (between 126,281 bp (MHC094) and either 136,539 or 136,733 bp (MHC096 or MHC097). Each of these recombination events occurred in a different line and involved different parental haplotypes and thus are clearly independent recombination events.
DISCUSSION
The MHC haplotype variation found in these heritage breeds should be interpreted in the context of an ongoing analysis of MHC variation within historically well studied and serologically defined haplotypes (Fulton et al., 2016) . These haplotypes include those found within the White Leghorn and New Hampshire breeds, and multiple university lines maintained for immunological studies. They also include haplotypes found in multiple elite egg production lines used for white and brown-shell egg production from White Leghorn, White Plymouth Rock, and Rhode Island Red breeds (Fulton et al., 2006) . These previously known haplotypes had been identified with both serology and the VNTR LEI0258 and have subsequently been defined by the same MHC SNP panel described herein. A total of 36 BSNP-defined unique haplotypes were identified (Fulton et al., 2016) . The 42 novel haplotypes found within the heritage breeds are indicative of the considerable MHC haplotype variation found in chickens, and clearly show the importance of the heritage breeds as reservoirs of unstudied MHC variation. Furthermore, these heritage lines are shown to generate and accumulate novel MHC variants and recombinants. The greatest MHC diversity was seen within the 6 heritage broiler-derived populations. Each of these lines was derived by intercrossing multiple commercially utilized meat lines of a particular era. Clearly, much MHC diversity was available from these original sources and has been maintained in these derived lines over the intervening decades. Multiple common haplotypes are seen within the lines derived from 1950s, 1970s, and 1990s broiler genetics, suggesting commonality between the commercially available lines of those decades. However, there were also line-unique haplotypes, which could be due to loss of some haplotypes within lines over time. It would be interesting to examine the modern broiler genetics of today and compare the current MHC variation with that of previous years.
There were 2 different sources of the New Hampshire breed, one from UAB and one from ILL. Both of these populations contained 3 haplotypes, but they were uniquely different. BSNP-C05B(193) (found in the UAB-NH) and BSNP-C04(193) (found in ILL-NH) are very similar and cluster in the same family, but differ in 10 of the first 25 SNP (within the first 59,000 bp of the MHC), suggesting that they diverged due to a historical recombination event. This variation seen within 2 genetically separated populations of the same breed suggests that there is likely to be more MHC variation in other populations of the same breed.
The USK-EPI population was particularly interesting as it contained 9 haplotypes, of which 5 were found in other lines. This synthetic population originated from a Fayoumi line into which several lines were crossed to provide information for genetic linkage studies. Thus it has captured and maintained much MHC variation from other sources. The recombination haplotype within this line also shows that it can generate and maintain new MHC variation. Furthermore it contained 2 haplotypes that differed from White Leghorn serological standards (B13 and B19) by only one SNP.
While no MHC serological analysis has been done in any of these lines, it is tempting to hypothesize that BSNP haplotypes identical to those that have been serologically defined are the same. For example, BSNP-K03(261; B2,B29) is the same as the serologically defined B2 haplotype common in the White Leghorn breed (Fulton et al., 2016) and was found in the UAB-AMC-1978S and UAB-AMC-1978D lines and the UAB-WL line. The B24 serotype is commonly found in the New Hampshire and Rhode Island Red breeds (Fulton et al., 2006) and has the BSNP-O02(309; B24) haplotype (Fulton et al., 2016) . This BSNP-O02(309; B24) was found in two of the heritage populations, UAB-SRIR and UIL-PC, suggesting that these lines contain the B24 haplotype. It would require serological testing or deep sequencing to say unequivocally that these were the same as the serologically defined haplotypes as there could be other differences within the haplotypes that are not defined by the SNP information in the described MHC SNP panel.
This detailed examination of MHC haplotype variation in multiple heritage breeds has revealed some very interesting points. These 17 heritage breeds contain a tremendous amount of MHC variation and cannot only generate, but also maintain, novel haplotypes. The well-known relationship between MHC and disease resistance has been studied primarily within MHCdefined lines and serologically defined haplotypes. Most of the haplotypes within these heritage breeds were completely unknown and thus the significance and disease resistance of these novel MHC variants is totally unknown. With the availability of this MHC SNP panel, these novel haplotypes can be accurately and rapidly identified, allowing the expanded study of MHC variation and disease resistance which was not previously possible due to the limitations of serological identification of MHC haplotypes.
These lines are now shown to contain considerable novel variation, with even lines of the same breed possessing very different MHC haplotypes. This information is relevant to genetic conservation discussions and supports the conservation not only of different breeds but also different lines within a breed to ensure that genetic variation is maintained for future use.
